TITLE OF THE INVENTION 



Apparatus For Transporting Levitated Objects 

BACKGROUND OF THE INVENTION 

The present invention relates to an apparatus for 
levitating an object by radiation pressure, such as sound 
waves, and to an apparatus for transporting a levitated 
object . 

Japanese Unexamined Patent Publication No. 7-24415 
discloses an apparatus for levitating an object. The 
apparatus includes a vibration device and a plate-like 
vibrator. The vibration device vibrates the vibrator to 
generate air pressure, which levitates an object. The surface 
of the levitated object that faces the vibrator is formed 
flat. The publication also discloses a transporting apparatus 
that moves levitated objects by blasting air or by producing 
traveling waves with the vibrator. 

Japanese Unexamined Patent Publications No. 7-137824 and 
No. 9-202425 each disclose an apparatus for transporting a 
levitated object. Both apparatuses include parallel elongated 
plate-like vibrators. Each vibrator is vibrated by a 
transducer located in a corresponding vibration device. Each 
vibration device causes the corresponding transducer to 
generate traveling waves. Vibration of the vibrators 
generates air pressure and levitates a flat object. In this 
state, the object is transported. Also, a method for 
transporting a levitated object in which the above described 
levitating apparatus is mounted on a carriage is known in the 
art . 



Japanese Unexamined Patent Publication No. 9-202425 
discloses an apparatus in which transducers of all the 
vibration devices are connected to a common oscillator. The 
transducers are Langevin transducers that use piezoelectric 
elements. The transducers are vibrated at a resonance 
frequency, which vibrates vibrators at a required strength 
(amplitude) . 

A structure that has parallel vibrators needs several 
vibration devices and thus needs several transducers. To 
stably levitate an object, the vibrators must be synchronously 
vibrated at the same amplitude. Thus, in the apparatus of the 
publication No. 9-202425, the transducers of all the vibration 
devices are connected to the common oscillator. The 
oscillator sends excitation signals of the same amplitude and 
the same frequency to all the transducers. 

However, due to errors produced when machining and 
assembling, it is difficult to manufacture identical vibration 
devices when the devices have transducers using piezoelectric 
elements. Therefore, the resonance frequency slightly differs 
from one vibration device to another. Therefore, although the 
transducers are connected to the common oscillator, an object 
cannot be stably levitated. 

Japanese Unexamined Patent No. 5-146178 discloses an 
apparatus that includes a vibration motor. The motor has a 
first piezoelectric element and a second piezoelectric 
element, which are located on the stator. The first element 
excites a transducer, and the second element generates voltage 
in accordance with applied vibration. The second element is 
connected to an impedance element. The impedance of an 



electric circuit that includes the second piezoelectric 
element is changed by the impedance element. The resonance 
frequency of bending vibration is changed, accordingly. 



5 In a vibration device that includes transducers having 

piezoelectric elements to excite vibrators, there are errors 
produced when machining and assembling parts. Therefore, 
horns that couple the transducers to the vibrators must be 
ground such that the resonance frequency of the device matches 
10 a desired value. Adjusting the frequencies takes long time 

when assembling the device and thus increases the cost. Also, 
O the resonance frequency varies according to the load (an 



fii 



object to be transported) and the temperature. Therefore, 
even if the resonance frequency is adjusted to a desired value 

o 

iQ 15 when assembling, the resonance frequency may be deviated from 

01 

• " the desired value. If the apparatus has two or more parallel 

N? vibrators, the resonance frequency can be deviated from the 

?y first value by a relatively great amount. 

jfj 

Q 

20 SUMMARY OF THE INVENTION 

Accordingly, it is an objective of the present invention 
to provide a transporting apparatus that stably levitates an 
object when the object is levitated by two or more vibration 
25 devices. Another objective of the present invention is to 
provide a transporting apparatus that stably transfers 
levitated objects. 

To achieve the foregoing and other objectives and in 
30 accordance with the purpose of the present invention, an 
apparatus for levitating and transporting an object is 
provided. The apparatus levitates the object above the 
surfaces of a plurality of vibrators by air pressure of sound 
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waves that are generated by the vibrators. The apparatus 
includes vibration devices and a common power source. Each of 
the vibration devices corresponds to one of the vibrators. 
Each vibration device includes a first transducer for 
5 vibrating the corresponding vibrator. Each transducer 

includes a super-magnetostrictive material. The common power 
source is connected to at least two of the first transducers 
for actuating the first transducers. 

10 The present invention also provides another apparatus for 

y ; levitating and transporting an object. The apparatus 

C! levitates an object above the surface of an elongated vibrator 

Q 

pj by air pressure of sound waves that are generated by the 

2 vibrator. The vibrator produces traveling waves. The 

*J3 15 apparatus includes a first transducer coupled to one end of 



the vibrator. The first transducer includes a piezoelectric 
^ element, which converts mechanical energy into electric 



f|j energy. A transducer vibrates the vibrator. A second 

transducer coupled to the other end of the vibrator. The 

r 4t 2 0 second transducer includes a changing element, which changes 
output voltage or output current for converting mechanical 
energy into electric energy. An external impedance element is 
connected to the piezoelectric element. The impedance of the 
external impedance element is variable. An oscillator is 
25 connected to the first transducer for vibrating the first 
transducer. A detector detects the vibration state of the 
second transducer. A controller controls at least one of the 
oscillator and the external impedance element based on the 
vibration state of the second transducer detected by the 
30 detector such that the output voltage or the output current of 
the changing element is greater than a predetermined value. 

Other aspects and advantages of the invention will become 
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apparent from the following description, taken in conjunction 
with the accompanying drawings, illustrating by way of example 
the principles of the invention. 



5 BRIEF DESCRIPTION OF THE DRAWINGS 

The invention, together with objects and advantages 
thereof, may best be understood by reference to the following 
description of the presently preferred embodiments together 
10 with the accompanying drawings in which: 

C| Fig. 1 is perspective view illustrating a transporting 

o 

rfj apparatus according to a first embodiment of the present 

Jjf invention; 

y 

f|f 15 Fig. 2(a) is a front view illustrating a first transducer 



of the apparatus shown in Fig. 1; 

Fig. 2(b) is a front view illustrating a second 

C! 

transducer of the apparatus shown in Fig. 1; 

j f f 

J;,; Fig. 3 is a plan view illustrating a transporting 

M» 20 apparatus according to a second embodiment of the present 
invention; 

Fig. 4 is a front view illustrating the apparatus of Fig. 

3 when mounted on a carriage- 
Fig. 5 is a circuit diagram showing a transducer 
25 according to a third embodiment; 

Fig. 6 is a circuit diagram showing a transducer 

according to a fourth embodiment; 

Fig. 7 is a perspective view illustrating a transporting 

apparatus according to a fifth embodiment of the present 
30 inventions- 
Fig. 8(a) is a front view illustrating a first transducer 

of the apparatus shown in Fig. 7; 

Fig. 8(b) is a front view illustrating a second 
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transducer of the apparatus shown in Fig. 7; 

Fig. 9 is a front view illustrating a transporting 
apparatus according to a sixth embodiment of the present 
invention; and 

5 Fig. 10 is a front view illustrating a first transducer 

according to a seventh embodiment. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

10 A transporting apparatus 1 according to a first 

u embodiment of the present invention will now be described with 

0 reference to Figs. 1 and 2. The transporting apparatus 1 

ft 1 levitates and transports an object. 

5 
fit 

i£) 15 As shown in Fig. 1, the transporting apparatus 1 includes 

01 

■ parallel elongated vibrators 2a, 2b. The vibrators 2a, 2b 

H' have the same rectangular shape. The vibrators 2a, 2b 

y 

flj levitate an object 3. The apparatus 1 includes first horns 4a 

in 

r a! j and second horns 4b. Each first horn 4a is fixed to an end of 

H* 20 one of the vibrators 2a, 2b by a bolt (not shown) . Each 
second horn 4b is fixed to the opposite end of one of the 
vibrators 2a, 2b. The horns 4a, 4b are arranged perpendicular 
to the longitudinal direction of the vibrators 2a, 2b. The 
horns 4a, 4b are shaped as flattened rectangular 
25 parallelepipeds . 



The apparatus 1 includes first transducers 5 and second 
transducers 6. The first transducers 5 are coupled to the 
first horns 4a, respectively, at the side opposite from the 
30 side fixed to the vibrators 2a, 2b. The second transducers 6 
are coupled to the second horns 4b, respectively, at the side 
opposite from the side fixed to the vibrators 2a, 2b. Each 
first horn 4a and the corresponding second horn 4b, and the 
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corresponding first and second transducers 5 f 6 form a 
vibration device. The distal face of each of the horns 4a, 4b 
is perpendicular to the axial direction of the corresponding 
one of the first and second transducers 5, 6. The axes of the 
5 horns 4a, 4b and the axes of the transducers 5, 6 extend 

vertically. The transducers 5, 6 are fixed to a base plate 
(not shown) through brackets (not shown) . 

As shown in Fig. 2(a), each first transducer 5 includes a 
10 magnetostrictive element 7, which is formed with super- 

magnetostrictive material. Each magnetostrictive element 7 
£3 includes a coil (not shown) . The coils are connected to a 



fll common power source, which is an alternating-current power 

EQ 

2; supply 9 in this embodiment, by wires 8. The power supply 9 

*»! 

%£} 15 is an oscillator and sends excitation signals of predetermined 

01 

amplitude and a predetermined frequency to the 

magnetostrictive elements 7. Each first transducer 5 includes 

s 

f|j an adjuster 10 for adjusting the resonance frequency of the 

if] 

p corresponding vibration device. Each magnetostrictive element 

H* 20 7 and the corresponding adjuster 10 are held among metal 

blocks 11a, lib, 11c by a bolt. The bolt is inserted through 
a hole formed in the metal block 11c and is screwed to a 
threaded hole formed in the metal block 11a. 



25 Each adjuster 10 includes a pair of piezoelectric 

elements 12a, 12b and an external impedance element 14. The 
piezoelectric elements 12a, 12b are located between the metal 
blocks 11a, lib and hold an electrode plate 13. The external 
impedance element 14 is connected between the electrode plate 

30 13 and the piezoelectric element 12a. The external impedance 
element 14 changes the impedance of the electric circuit that 
includes the piezoelectric elements 12a, 12b and the electrode 
plate 13. 
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Langevin transducers are employed as the second 
transducers 6, which convert energy. As show in Fig. 2(b), 
each second transducer 6 includes annular upper and lower 
5 piezoelectric elements 15a, 15b, an annular electrode plate 
16, which is arranged between the piezoelectric elements 15a, 
15b. Like the first transducers 5, each second transducer 6 
includes an adjuster 10. The adjuster 10 is located between 
the metal blocks 11a and lib. The piezoelectric elements 15a, 
10 15b are located between the metal blocks lib and 11c. The 
adjuster 10 and the piezoelectric elements 15a, 15b are 
P fastened to each other by a bolt (not shown) to form each 

W second transducer 6. Each of the piezoelectric elements 15a, 

ft! 

gj 15b is connected to a load circuit 17. Each load circuit 17 

•5 

J| 15 includes a resistor R and a coil L and functions as an energy 
fff converter. 

h 

BiSfJ 

!f[ The operation of the apparatus 1 will now be described. 

fU 
iff 
H 

20 The alternating-current power supply 9 supplies a current 

of a predetermined frequency (e.g., approximately 20kHz) to 
the magnetostrictive elements 7. The first transducers 5 are 
excited. Then, the first horns 4a are vertically vibrated. 
This causes flexural vibrations of the vibrators 2a, 2b. The 

25 flexural vibration of each vibrator 2a, 2b generates air 

pressure. The air pressure levitates an object 3 from the 
surface of the vibrators 2a, 2b. The levitated distance of 
the object 3 is between several tens micrometers to several 
hundreds of micrometers. 



30 



The vibrations of each vibrator 2a, 2b are transmitted to 
the second transducers 6 connected to the associated load 
circuits 17. Then, the energy of the vibrations is converted 
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into electrical energy by the piezoelectric elements 15a, 15b. 
The electrical energy is converted into Joule heat by the 
resistors R of the load circuits 17 and released. 
Consequently, waves of the vibrations generated in the 
vibrators 2a, 2b are turned into traveling waves, which travel 
in one direction (the direction from the first horns 4a to the 
second horns 4b in this embodiment) . As a result, the object 
3 is transported in a levitated state from one end of the 
vibrators 2a, 2b to the other end. The transportation of the 
object 3 is stopped by stopping the current from the power 
supply 9 to the transducers 5. 

The transporting apparatus 1 transports the object 3 by 
traveling waves generated by the vibrators 2a, 2b. Therefore, 
if the phases and the amplitudes of the traveling waves 
generated by the vibrators 2a, 2b do not match, the object 3 
cannot be stably transported. In this embodiment, the common 
power supply 9 is used, which equalizes the phases. 

A transducer that uses piezoelectric elements must be 
excited at the resonance frequency for vibrating a coupled 
vibrator strongly, or at great amplitude. Since each first 
transducer 5 includes super-magnetostrictive material, the 
vibration increases substantially in accordance with the value 
of the supplied current. Thus, even if the resonance 
frequencies of the vibration devices are not the same, 
supplying a relatively great current to the magnetostrictive 
elements 7 from the common alternating-current power supply 9 
vibrates the vibrators 2a, 2b at a required amplitude. 

If the resonance frequencies of the vibration devices are 
the same, sending a current having the resonance frequency to 
the magnetostrictive elements 7 permits a required excitation 



to be generated by small electricity. Therefore, when 
assembling the transporting apparatus 1 or prior to the use of 
the transporting apparatus 1, the impedance of the electric 
circuit, which includes the piezoelectric elements 12a, 12b, 
5 is adjusted such that the impedance of the vibration devices 
are equalized. As a result, the resonance frequencies of the 
vibration devices are equalized. 

The embodiment of Figs. 1 to 2(b) has the following 
10 advantages. 

% Each first transducer 5 includes the magnetostrict ive 

C3 

flj element 7, which has super-magnetostrictive material. The 



Pi 



9 



common power supply 9 is connected to both first transducers 
15 5. The resonance frequencies of the vibration devices may be 
different due to errors produced when machining and assembling 
the parts. However, unlike transducers in which the 



ft! magnetostrictive elements 7 are replaced by piezoelectric 

111 

p elements, the vibrators 2a, 2b are vibrated substantially at 

M* 20 the same amplitude so that the object 3 is stably levitated. 



25 



The impedance is adjusted by the adjusters 10 to equalize 
the resonance frequencies of the vibration devices. The 
object 3 is therefore stably levitated. 

The object 3 is levitated and transported by vibration of 
the vibrators 2a, 2b. Therefore, the structure for 
transporting the object 3 in a levitated state is simplified. 



30 Each of the transducers 5, 6 has the adjuster 10. 

Therefore, the resonance frequencies of the vibration devices 
are easily equalized. 
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Each adjuster 10 includes the piezoelectric elements 12a, 
12b and the external impedance element 14. Therefore, 
compared to a structure in which a weight selected from 
different weights is threaded to each of the transducers 5, 6 
5 to adjust the resonance frequency, the resonance frequency is 
easily adjusted. 

A second embodiment of the present invention will now be 
described with reference to Figs. 3 and 4. The second 
10 embodiment is different from the first embodiment in that an 

object is levitated at a predetermined position by a plurality 
P of vibrators that generate standing waves and in that the 



ru 



M ■ 



vibrators are excited by transducers having piezoelectric 
elements. To avoid redundancy, like or same reference 



c 

jfj 15 numerals are given to those components that are the same as 



the corresponding components of the first embodiment. 



As shown in Fig. 3, a transporting apparatus 18 includes 
ill four rectangular outer vibrators 19a and a rectangular center 

13 

y ? ■ 20 vibrator 19b. The size of the vibrators 19a f 19b are the 

same. The outer vibrators 19a corresponds to the corners of 
an object 3, which is shown by broken line. The outer 
vibrators 19a are equally spaced from the center vibrator 19b. 
A horn 20, which forms vibration device, is fixed to each of 
25 the vibrators 19a, 19b by a screw. Each horn 20 is 

substantially cylindrical and attached to the substantial 
center of the corresponding one of the vibrators 19a, 19b. 

As shown in Fig. 4, each horn 20 is fixed to a Langevin 
30 transducer 21 at the side opposite from the corresponding 
vibrator 19a, 19b. The distal surface of each horn 20 is 
formed perpendicular to the axis of the corresponding 
transducer 21. The axis of each horn 20 is aligned with the 
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axis of the corresponding transducer 21. 

Each transducer 21 includes a pair of annular 
piezoelectric elements 15a, 15b and an annular electrode plate 
16. The electrode plate 16 is located between the 
piezoelectric elements 15a, 15b. The transducers 21 are 
connected to a common oscillator 22, which functions as a 
power supply. Each electrode plate 16 is connected to the 
oscillator 22 through a first wire 23a. The oscillator 22 has 
a ground terminal connected to the metal blocks 11c through a 
second wire 23b. The horns 20, the transducers 21, the 
oscillator 22 form the vibration device for exciting the 
vibrators 19a, 19b. 

The transporting apparatus 18 is mounted on a carriage 24 
through brackets 25. Each outer vibrator 19a is inclined at 
an angle 9 relative to the object 3. The center vibrator 19b 
is parallel to the object 3. Each transducer 21 is fixed to 
the corresponding bracket 25. 

The transporting apparatus 18 levitates the plate like 
object 3 and is moved to a certain destination by the carriage 
24. As shown in Fig. 3, the object 3 is put on the vibrators 
19a, 19b such that the edges 3a of the object 3 are aligned 
with the edges of the outer vibrators 19a. In this state, the 
oscillator 22 vibrates the transducers 21 at a predetermined 
resonance frequency (e.g., approximately 20kHz), which 
generates standing waves from the vibrators 19a, 19b. 
Accordingly, the object 3 is levitated at a predetermined 
position. 

In addition to the advantages of the embodiment of Figs. 
1 to 2(b), the embodiment of Figs. 3 and 4 has the following 
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advantages . 



Each vibration device includes an adjuster 10. The 
adjusters 10 are used for adjusting the resonance frequencies 
5 of the vibration devices. Therefore,, even if the sizes and 
arrangement of the vibration devices are not the same due to 
errors produced during manufacturing and assembling, the 
resonance frequencies of the vibration devices are adjusted to 
be equal. The vibration devices are excited by the common 
10 oscillator 22. Thus, the vibrators 19a, 19b are vibrated at 
substantially the same amplitude so that the object 3 is 
Q stably levitated. 

5 

CQ The vibrators 19a, 19b are vibrated to generate standing 

& 

^ 15 waves. Therefore, compared to an apparatus that produces 
yi traveling waves, the apparatus 18 has a simple structure. 

O 

~T; The transporting apparatus 18 is located on the carriage 

? hi 

if\ 24. Therefore, a passage through which the levitated object 3 

£3 

2 20 is transported can be freely selected. 

The outer vibrators 19a are inclined at the angle 0 to 
the horizontal plane. This allows the object 3 to be held 
more reliably in the predetermined position, as compared to an 
25 apparatus in which vibrators are horizontal. 



The bottom surface of the object 3 is flat, and the edges 
3a of the object 3 are straight. When the outer vibrators 19a 
levitate the object 3, the outer edges 3a of the outer 
30 vibrators 19a are vertically aligned with the corresponding 
edges 3a of the object 3. This enables the object 3 to be 
stabilized in the predetermined position. 
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In the embodiments of Figs. 1 to 4 , the transducers 5, 21 
are connected to a common power source in parallel. However, 
the transducers 5, 21 may be connected in series. In a third 
embodiment shown in Fig. 5, the rnagnetostrictive elements 7 of 
the embodiment of Figs. 1 to 2(b) are connected to the 
alternating-current power supply 9 in series. Also, the 
piezoelectric elements 27 (the piezoelectric elements 12a, 
12b) of the energy converting transducers 6 are connected to a 
common load circuit 17. In the embodiment of Fig. 5, the 
numbers of the transducers 5, 6 are three each. Fig. 6 shows 
a fourth embodiment. In the fourth embodiment, piezoelectric 
elements 28, which correspond to the piezoelectric elements 
15a, 15b in Fig. 2(b), are connected to the oscillator 22 in 
series . 

A transporting apparatus 101 according to a fifth 
embodiment of the present invention will now be described with 
reference to Figs. 7 to 8(b). Mainly, the differences from 
the embodiment of Figs. 1 to 2(b) will be discussed below. 

As shown in Figs. 7 to 8(b), each first transducer 5 
includes piezoelectric elements 7a, 7b, and an electrode plate 
119, which are located between the metal blocks lib, 11c. The 
three metal blocks 11a, lib, 11c are fastened to one another 
by a bolt (not shown) . The bolt extends through the metal 
blocks 11c and lib and is screwed to a threaded hole formed in 
the metal block 11a. The metal blocks 11a, lib, 11c are 
electrically conducted by the bolt. 

The piezoelectric elements 7a, 7b are connected to a 
common oscillator 112. The electrode plate 119 is connected 
to the oscillator 112 through a first wire 13a. The 
oscillator 112 has a ground terminal connected to the metal 



blocks 11c through a second wire 13b. 



C3 
0 
fU 



Each second transducer 6 includes a voltage sensor 118, 
which detects the voltage generated by the piezoelectric 
5 elements 15a, 15b. In this embodiment, each voltage sensor 
118 functions as a detector that detects the vibration state 
of the corresponding second transducer 6. 

The oscillator 112 is activated by a signal from a 
10 controller 19. The controller 19 includes a central 

processing unit (not shown) , The voltage sensor 118 that is 
connected to the vibrator 2b is connected to the CPU of the 
controller 19 through an A/D converter and an interface 

(neither is shown) . The controller 19 controls the output of 

PI 

*g 15 the oscillator 112 based on the signal detected by the 

31 connected voltage sensor 118 such that the voltages of the 

piezoelectric elements 15a, 15b are equal to or greater than a 
9 predetermined level. In this embodiment, the controller 19 

111 chiefly controls the output frequency of the oscillator 112. 

The controller 19 has a memory (not shown) , which stores 
a map or a formula that represents the relationship of the 
resonance frequency of the vibration device at a reference 
temperature, the difference between the ambient temperature of 

25 the vibration device from the reference temperature, and the 
deviation of the actual resonance frequency of the vibration 
device from the resonance frequency at the reference 
temperature. The controller 19 adjusts the output frequency 
of the oscillator 112 in accordance with temperature changes. 

30 If the voltages detected by the voltage sensors 118 drop when 
there is no temperature change, the controller 19 controls the 
oscillator 112 to increase the voltage. 
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The apparatus 101 has the following advantages. 

The transporting apparatus 101 transports the object 3 by 
traveling waves generated by the vibrators 2a, 2b. Therefore, 
if the phases and the amplitudes of the traveling waves 
generated by the vibrators 2a, 2b do not match, the object 3 
cannot be stably transported. 

A transducer that uses piezoelectric elements must be 
excited at the resonance frequency for vibrating a coupled 
vibrator strongly, or at great amplitude. Since the first 
transducers 5 are connected to the common oscillator 112, the 
phases and the amplitudes of the vibrators 2a, 2b match if the 
vibration devices having the vibrators 2a, 2b have the same 
resonance frequencies . 

Due to errors produced when machining and assembling, it 
is difficult to match the resonance frequency of the vibration 
devices. However, the first and second transducers 5, 6 of 
the embodiment of Figs. 7 to 8(b) are each connected to the 
corresponding external impedance element 14 the impedance of 
which can be changed. In other words, the external impedance 
element 14 of each vibration device can be independently 
adjusted. This permits the resonance frequencies of the 
vibration devices to be equalized. 

Prior to operating the transporting apparatus 101, the 
external impedance elements 14 are adjusted. The first 
transducer 5 of each vibration device is excited at a 
predetermined frequency (the resonance frequency) , and the 
external impedance element 14 is adjusted such that the 
voltage generated by the voltage sensor 118 is maximized. 
Thereafter, the transporting apparatus 101 is operated. 



The oscillator 112 is activated by a signal from the 
controller 19, which excites the first transducers 5 at a 
predetermined resonance frequency (e.g., approximately 20kHz). 
5 Then, the first horns 4a are vertically vibrated. This 
torsionally vibrates the vibrators 2a, 2b. The torsional 
vibration of each vibrator 2a, 2b generates air pressure. The 
air pressure levitates an object 3 from the surface of the 
vibrators 2a, 2b. The levitated distance of the object 3 is 
10 between several tens micrometers to several hundreds of 
micrometers . 

Mi 

Ci 

p The vibrations of each vibrator 2a, 2b are transmitted to 

ni 

ff\ the second transducers 6 connected to the associated load 

5") 15 circuits 17. Then, the energy of the vibrations is converted 

$ 

ffl into electrical energy by the piezoelectric elements 15a, 15b. 

!\ The electrical energy is converted into Joule heat by the 

£3 resistors R of the load circuits 17 and released. 

fU 

jjj Consequently, waves of the vibrations generated in the 

0 20 vibrators 2a, 2b are turned into traveling waves, which travel 
in one direction (the direction from the first transducers 5 
to the second transducers 6 in this embodiment) . As a result, 
the object 3 is transported in a levitated state from one end 
of the vibrators 2a, 2b to the other end. The conveyance of 
25 the object 3 is stopped by deactivating the oscillator 12. 

The controller 19 controls the oscillator 112 such that 
the voltages of the voltage sensors 118 are equal to or higher 
than a predetermined level. Specifically, when the voltage of 
30 each voltage sensor 118 is lower than the predetermined value, 
the controller 19 judges whether the ambient temperature of 
the corresponding vibration device is displaced from the 
reference temperature. If the ambient temperature is 
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different from the reference temperature, the current 
resonance frequency is displaced from the resonance frequency 
at the reference temperature. The controller 19 controls the 
frequency of the oscillator 112 to eliminate the deviation of 
5 the current resonance frequency from the resonance frequency 
at the reference temperature. When judging that the voltage 
of each voltage sensor 118 is lowered by a cause other than 
the deviation of the resonance frequency due to the 
temperature change, the controller 19 raises the voltage of 
10 the oscillator 112. As a result, the object 3 is levitated 
and transported in a stable manner. 



W The embodiment of Figs. 7 to 8(b) has the following 

ft! 

HI advantages. 

81 Each first transducer 5 has an adjuster, which includes 

the piezoelectric elements 7a, 7b, to which no voltage is 
j*f supplied, and the external impedance element 14. Therefore, 

lfj the impedance of the vibration devices, which include the 

20 vibrators 2a, 2b, can be adjusted by adjusting the 

corresponding external impedance element 14. This permits the 
resonance frequency of each vibration device to be altered. 
As a result, the vibration devices are vibrated at the same 
amplitude, which permits the object 3 to be levitated and 
25 transported in a stable manner. 



Each voltage sensor 118 functions as detection means for 
detecting the vibration state of the corresponding second 
transducer 6 and detects the voltage of the energy converting 
30 element, or the corresponding piezoelectric elements 15a, 15b. 
Therefore, the vibration state of each second transducer 6 is 
easily detected. 
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The controller 19 controls the oscillator 112 based on 
the signals detected by the voltage sensors 118 such that the 
voltage generated by the piezoelectric elements 15a, 15b of 
the second transducers 6 is equal to or higher than the 
5 predetermined level. Therefore, when the resonance frequency 
of the vibration devices changes due to a temperature change 
or to presence or absence of the object 3, the vibrators 2a, 
2b are excited at the amplitude required for transporting the 
object 3. As a result, the object 3 is levitated and 
10 transported in a stable manner. 

Q 

Q When the resonance frequency of the vibration devices is 

changed due to a temperature change or to presence or absence 



W of the object 3, the controller 19 changes the frequency of 

0*1 15 the oscillator 112 accordingly. Therefore, the vibrators 2a, 

* 2b are reliably vibrated at a desired amplitude. 

ill 

jjj Each second transducer 6 has the external impedance 

p element 14 for adjusting the impedance of the corresponding 

20 vibration device. Therefore, the resonance frequency of each 
vibration device is easily adjusted. 



Each adjuster is formed by the piezoelectric elements 7a, 
7b and the external impedance element 14. Therefore, compared 
25 to a structure in which a weight selected from different 

weights is threaded to each of the transducers 5, 6 to adjust 
the resonance frequency, the resonance frequency is easily 
adjusted. 

30 A transporting apparatus 201 according to a sixth 

embodiment of the present invention will now described with 
reference to Fig. 9. The embodiment of Fig. 9 is different 
from the embodiment of Figs. 7 to 8(b) in that there is one 
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vibrator and the direction of the traveling wave can be 
changed. To avoid redundancy, like or same reference numerals 
are given to those components that are the same as the 
corresponding components of the embodiment of Figs 7 to 8 (b) . 

The piezoelectric elements 7a, 7b of the first transducer 
5 and the piezoelectric elements 15a, 15b of the second 
transducer 6 are selectively connected to the oscillator 112 
and to the load circuit 17 by switching means 120. 



The switching means 120 includes an electromagnetic 
relay. An electrode plate 119 and an electrode plate 16 are 
connected to the plus terminal of the oscillator 112 and the 
load circuit 17 through a first change-over contact 121 and a 
13 15 second change-over contact 122 of the relay. The plus 
m terminal of the oscillator 112 is connected to a common 

f c terminal 121c of the first change-over contact 121. The 

Q electrode plate 16 is connected to a normally open terminal 

jSj 121a of the first change-over contact 121. The electrode 

Q 20 plate 119 is connected to a normally closed terminal 121b of 
the first change-over contact 121. A terminal of the load 
circuit 17 is connected to a common terminal 122c of the 
second change-over contact 122. The electrode plate 119 is 
connected to a normally open terminal 122a of the second 
25 change-over contact 122. The electrode plate 16 is connected 
to a normally closed terminal 122b of the second change-over 
contact 122. The oscillator 112 has a ground terminal, which 
is connected to another terminal of the load circuit 17. The 
ground terminal of the oscillator 112 is also connected to the 
30 metal blocks 11c of the transducers 5, 6. Each transducer 5, 
6 has piezoelectric elements 7a, 7b and an external impedance 
element 14. The change-over contacts 121, 122 are switched 
such that the contact states of the contacts 121, 122 are 
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always different. 



When an object 3 is in the vicinity of the stop position 
of the vibrator 2a, or above the second transducer 6. A 
5 sensor (not shown) detects the position of the object 3 and 
sends a signal to the controller 19. 

In the embodiment of Fig. 9, the piezoelectric elements 
7a, 7b of the first transducer 5 are normally connected to the 
10 oscillator 112 through the first change-over contact 121, and 
the piezoelectric elements 15a, 15b of the second transducer 6 
N= are normally connected to the load circuit 17 through the 

pj second change-over contact 122. When the oscillator 112 is 

fU activated, the object 3 is levitated and transported from the 

m 

n 15 side of the first transducer 5 to the side of the second 

jjj transducer 6 by traveling waves generated by the vibrator 2a. 

s 

; p When detecting that the object 3 is at the stop position 

ilf of the vibrator 2a, the controller 19 activates the switching 

S 20 means 120 such that the contact state of the first and second 
change-over contacts 121, 122 is opposite from that shown in 
Fig. 9. As a result, the piezoelectric elements 15a, 15b of 
the second transducer 6 are connected to the oscillator 112, 
and the piezoelectric elements 7a, 7b of the first transducer 
25 5 are connected to the load circuit 17. Thus, the traveling 

waves progress from the side of the second transducer 6 to the 
side of the first transducer 5. This decelerates the 
levitated object 3. 

30 If the oscillator 112 is stopped when the object 3 is at 

the predetermined stop position, the object 3 is stopped and 
falls on the vibrator 2a. If the switching means 120 
alternately switches the contact state of the first and second 
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change-over contacts 121, 122 at short intervals when the 
object 3 is at the stop position, the object 3 remains at the 
position while being levitated. 



5 The impedance of the vibration device is adjusted by 

adjusting the external impedance element 14 in the same manner 
as the embodiment of Figs. 7 to 8(b). The controller 19 
changes the output of the oscillator 12 such that the voltage 
of a voltage sensor (not shown) is equal to or higher than a 
10 predetermined level. 



In addition to the advantages of the embodiment shown in 
G Figs. 7 to 8(b), the embodiment of Fig. 9 has the following 

fti 

jjj advantages. 

m 15 

CI 

Jfj The first and second transducers 5, 6 are selectively 

y ( connected to the load circuit 17 and the oscillator 112 

63 through the switching means 120. Therefore, when the object 3 

fl} 

jjj approaches the stop position of the vibrator 2a, the object 3 

N 20 is reliably decelerated by changing the direction of the 

traveling waves and does not fall. Also, the object 3 can be 
held at a desired position while being levitated by repeating 
switching of the switching means 120 at short intervals. 

25 Fig. 10 shows a seventh embodiment of the present 

invention. In this embodiment, exciting piezoelectric 
elements 7a, 7b, an electrode plate 119, piezoelectric 
elements 12a, 12b for adjusting the resonance frequency, and 
an electrode plate 23 are located between metal blocks 11a, 

30 11c. The embodiment of Fig. 10 is simple compared to the 

transducer 5 shown in Fig. 2(a). The piezoelectric elements 
15a, 15b, 12a, 12b of the second transducer 6 may be 
constructed in the same manner as in Fig. 10. 

- 22 - 



It should be apparent to those skilled in the art that 
the present invention may be embodied in many other specific 
forms without departing from the spirit or scope of the 
5 invention. Particularly, it should be understood that the 
invention may be embodied in the following forms. 

In the embodiments of Figs. 1 to 2(b) and Figs. 7 to 
8(b), at least three of the first transducers 5 may be used. 
10 In this case, all of the first transducers 5 may be connected 
to a common power supply 9. Alternatively, a plurality of 
j^j' power supplies 9 may be used. In this case, at least one of 

0 the power supplies 9 is connected to at least two of the first 

fifi transducers 5. In addition, in the embodiment of Figs. 3 and 

U 15 4, a plurality of oscillators 22 may be used. In this case, 
fft at least one of the oscillators 22 is connected to at least 

f. two of the first transducers 21. 

S3 

|F? If the object 3 need be transported for a long distance 

Q 20 in the transporting apparatus 1 shown in Fig. 1, several sets 
of the vibrators 2a, 2b may be consecutively arranged along 
the transporting direction. In this case, the transducers 5 
may be connected to a common alternating-current power supply. 
Also, if the object 3 is wide in the lateral direction, three 
25 or more vibrators 2a, 2b may be arranged in parallel. 

In the embodiment of Figs. 1 to 2(b), the adjusters 10 
may be omitted. 

30 In the transporting apparatus 1 of Fig. 1, the adjusters 

10 may be omitted from at least one of the vibration devices. 
This reduces the number of the adj usters 10 and lowers the 
cost . 



- 23 - 



In the transporting apparatus 1 of Figs. 1 to 2(b), the 
adjusters 10 may be omitted from one of the first and second 
transducers 5, 6. This reduces the cost. 

In the transporting apparatus 1 Fig. 1, the 
magnetostrictive elements 7 may be replaced by the transducers 
21 shown in Figs. 3 and 4. In the transporting apparatus 18, 
which produces standing waves, the transducers 21 may be 
replaced by the magnetostrictive elements 7 shown in Figs. 1 
and 2 (a) . 

The vibrators 2a, 2b shown in Fig. 1 may produce standing 
waves, and the apparatus 1 may have a device to blast air 
against the levitated object 3 to transport the object 3. 

Instead of mounting the transporting apparatus 18 shown 
in Figs. 3 and 4 on the carriage 24, the apparatus 18 may be 
mounted on and moved by a belt conveyor. 

The horns 20 need not be cylindrical, but may be shaped 
as flattened rectangular parallelepipeds. Alternatively, the 
horns 20 may have a conical shape with its diameter increased 
at lower locations. 

To levitate the square object 3, the locations of the 
vibrators 19a do not necessarily have to be located at 
positions corresponding to the four corners of the object 3 
and, for example, the vibrators 19a may be located at 
positions corresponding to the middles of the associated sides 
of the object 3. Further, the number of the vibrators 19a, 
19b is not limited to five and may be varied as required. For 
example, the center vibrator 19b may be eliminated so that the 



total number of the transporting vibrators is four, 
alternatively, the number of the vibrators may be changed in 
accordance with the size of the object 3. 



5 The object 3 does not have to be square and may have 

other polygonal shapes or round shapes. 

The present invention may be used for an object 3 having 
such a dimension that its edges 3a are situated on imaginary 
10 lines extending from the corresponding outer edges of the 
vibrators 19a. 

s 

P Instead of using bolts to fasten the vibrators 2a, 2b, 

IXf 19a, 19b to the associated horns 4a, 4b, 20 the vibrators 2a, 

s 

2 15 2b, 19a, 19b may be adhered, brazed, or welded to the 
ffl associated horns 4a, 4b, 20. 



The transporting apparatus 101, 201 shown in Figs. 7 and 



m 

j/j 9 may include a sensor for judging the presence of an object, 

20 and the output voltage of the oscillator 112 may be varied in 
accordance with the presence and absence of the object. 
Alternatively, the output voltage of the oscillator 112 may be 
varied in accordance with the weight of the object. For 
example, an appropriate relationship between the weight of a 
25 transported object and the output voltage may be stored in the 
controller 19, and the oscillator 12 may be controlled to 
output a voltage of an appropriate level, which is determined 
according to the weight of a carried object (the object 3) . 
Since the weight of the object is detected, the output voltage 
30 of the oscillator 112 is easily controlled. In this case, 

when the voltage detected by the voltage sensor 118 is lower 
than a predetermined level, the output frequency of the 
oscillator 112 is changed. 
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The vibration state of the first transducer 5 may be 
detected by a current sensor or a voltage sensor based on the 
output current of the piezoelectric elements 15a, 15b. 
5 Alternatively, the vibration state of the first transducer 5 
may be detected by a phase comparator based on whether the 
vibration phase of the second transducer 6 is deviated from 
that of the first transducer 5. 



Pi 



10 The impedance of each external impedance element 14 may 

be changed such that the output voltage or the output current 
of the energy converting elements (the piezoelectric elements 
15a, 15b) is equal to or higher than a predetermined level, 
jjj In this case, the iron core of each external impedance element 

15 14 is automatically moved, for example, by an electric 

cylinder or a linear actuator based on commands from the 
controller 19. The output of the oscillator 112 and the level 
El of each external impedance element 14 may both be adjustable. 

m 
in 

C? 20 Each external impedance element 14 may be included in a 

bridge circuit, and the external impedance element 14 may be 
controlled such that output of the bridge circuit is constant. 



The external impedance elements 14 may include structure 
25 other than coils. For example, each external impedance 

element 14 may include a coil and a condenser or a condenser 
and a resistor. In this case, the capacity of each condenser 
is changed for adjusting the impedance. 

30 The external impedance elements 14 may be periodically 

adjusted. 



In the embodiments of Figs. 7 and 9, the piezoelectric 
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elements 7a, 7b and the external impedance elements 14 of the 
second transducers 6 may be omitted. This reduces the number 
of parts in the adjuster and lowers the cost. 

The horns 4a, 4b need not be flattened rectangular 
parallelepipeds, but may be cylindrical. Alternatively, the 
horns 4a, 4b may have a conical shape with its diameter 
increased at lower locations. 

Therefore , the present examples and embodiments are to be 
considered as illustrative and not restrictive and the 
invention is not to be limited to the details given herein, 
but may be modified within the scope and equivalence of the 
appended claims. 



